ABSTRACT: Cardiac output is a determinant of systemic blood flow and its measurement may therefore be a useful indicator of abnormal hemodynamics and tissue oxygen delivery. The purpose of this study was to investigate in very premature newborn infants the relationships between cardiac output (left and right ventricular outputs), systemic blood pressure, peripheral blood flow (PBF) and two indicators of cerebral oxygen delivery (cerebral electrical activity and cerebral fractional oxygen extraction (CFOE)). This was a prospective observational study performed on 40 infants of less than 30 wk gestation. Digital electroencephalograms (EEGs) were recorded for one hour every day during the first four days after birth and subjected to qualitative and quantitative analysis. Left and right ventricular outputs, mean blood pressure (MBP), CFOE, PBF and arterial blood gases were measured at the same time. Within the ranges studied, there was no apparent relationship between left or right ventricular output (RVO), PBF and indicators of cerebral perfusion (cerebral electrical activity and CFOE). The EEG was normal in infants with low left and right ventricular outputs (Ͻ150 mL/kg/min) and MBP Ͼ 30 mm Hg. Infants with low cardiac output and normal MBP seem able to maintain cerebral perfusion, possibly through vasodilatation of the cerebral microvasculature. Clinicians rely on its absolute value to guide therapy and the prescription of volume expanders and inotropes. However, systemic blood pressure is the product of systemic vascular resistance and cardiac output and is not a direct indicator of the systemic blood flow. Nevertheless, the clinician's approach is based on the assumption that hypotension causes decreased organ perfusion, including that of the brain, resulting in tissue damage. Furthermore, the relationship between MBP and cerebral blood flow remains unclear (1,2); it is presumed that cerebral blood flow is preserved by autoregulation even in very preterm babies but the limits of autoregulation are uncertain.
B
lood pressure is routinely monitored in neonatal units.
Clinicians rely on its absolute value to guide therapy and the prescription of volume expanders and inotropes. However, systemic blood pressure is the product of systemic vascular resistance and cardiac output and is not a direct indicator of the systemic blood flow. Nevertheless, the clinician's approach is based on the assumption that hypotension causes decreased organ perfusion, including that of the brain, resulting in tissue damage. Furthermore, the relationship between MBP and cerebral blood flow remains unclear (1, 2) ; it is presumed that cerebral blood flow is preserved by autoregulation even in very preterm babies but the limits of autoregulation are uncertain.
Although cardiac output might reasonably be expected to be a major determinant of systemic blood flow (and therefore of tissue oxygen delivery), the relationship is not a simple one.
Thus, a study of preterm infants with closed or insignificant patent ductus arteriosus, showed a weak but significant correlation between mean blood pressure (MBP) and left ventricular output (LVO) overall, but LVO was normal for some babies with low MBP, while for others MBP was normal when ventricular output was low (3) .
There have been relatively few studies of the relationship between cardiac output and cerebral perfusion in the human preterm infant. A recent study of infants between 24 and 30 wk gestation measured cerebral fractional oxygen extraction (CFOE) as a proxy measure of cerebral oxygen delivery: CFOE is increased when cerebral oxygen delivery is low. There was a weak but significant negative correlation between LVO and cerebral fractional oxygen extraction (4) . Infants were particularly vulnerable to poor cerebral oxygenation in the presence of hypocarbia. Both this and other studies found no significant relationship between MBP and CFOE (4, 5) . However, in these studies there was no recording of cerebral electrical activity, which is affected by cerebral hypoperfusion and consequent cerebral hypoxia because much of the oxygen delivered to the brain goes to maintain transmembrane ion gradients (6).
Although extremely preterm infants are often treated with high doses of pressor agents to maintain blood pressure (in the expectation that this will preserve organ perfusion), the relationship between cardiac output and cerebral electrical activity has not been previously studied in this vulnerable group. The purpose of this study was to determine whether changes in cardiac output were associated with changes in cerebral electrical activity, peripheral blood flow and cerebral fractional oxygen extraction.
METHODS
This was a prospective observational study performed on 40 very low birth weight infants of less than 30 wk gestation born at Liverpool Women's Hospital. The upper limit of 30 wk gestation was chosen, as well developed sleep-wake cycling is generally not seen below this gestation (7, 8) . Further-more, interburst intervals have been shown not to change with gestation below 30 wk (9) and it is therefore reasonable to consider babies at all gestations below 30 wk to be electroencephalographically similar for the purposes of the study. Measurements were made every day on the first four days after birth. Ethical approval was obtained from the Liverpool Children's Research Ethics Committee and informed parental consent was obtained. Infants who had serious intra-ventricular hemorrhage (defined as any hemorrhage extending beyond the germinal matrix) during the first two days after birth were excluded. All infants had normal blood glucose concentrations at the time of measurements.
Electroencephalography (EEG). Digital EEG and electrocardiography (ECG) recordings were performed for 75 min on each of the four days of the study using a Micromed 16-channel system (Micromed Electronics Ltd, UK). Six electrodes were placed on the frontopolar (Fp1, Fp2), central (C3, C4) and occipital (O1, O2) positions bilaterally according to the International 10-20 system (10). A reference electrode was placed at the vertex (Cz). Skin impedance of less than 2 k⍀ was maintained for all recordings. A sampling rate of 256 Hz was used for digitisation.
The EEG was analyzed qualitatively and quantitatively. RA and MB experienced at reporting neonatal and pediatric EEGs provided the qualitative reports. They were blinded to MBP, ventricular outputs, arterial blood gases and cranial ultrasound scan findings. The EEG was displayed on a computer screen as four bipolar channels (Fp1 -C3, C3 -O1, Fp2 -C4 and C4 -O2). A high pass filter of 0.3 Hz, a low pass filter of 70 Hz, a notch filter of 50 Hz, a base time of 10 s and a gain of 100 V were used. The EEG traces were reported for discontinuity, amplitude, abnormal transients and synchrony.
Quantitative analysis of the EEG was undertaken by spectral analysis and manual calculation of the interburst interval (9) . Gross artefacts (activity with no identifiable EEG activity) were identified by eye and removed manually in 10-s intervals. The methods used in this quantitative analysis have been described in detail elsewhere (9) . The interburst interval was defined as a period between electrical bursts during which activities were lower than 30V in all leads and calculated manually (11) . The 90 th centile for interburst interval was then calculated for the first 60 min of artefact-free recording (9) .
The first 60 min of artefact-free EEG was subjected to spectral analysis by Fast Fourier Transformation using the manufacturer's software (Micromed) (9) . Six monopolar channels were used for analysis (Fp1, Fp2, C3, C4, O1 and O2). The spectrum was subdivided into delta (0.5-3.5 Hz), theta (4 -7.5 Hz), alpha (8 -12.5 Hz) and beta (13-30 Hz) bands. The absolute and relative powers of each band were calculated for every 10-s interval. The absolute power of a band was defined as the integral of all the power values over the frequency range and expressed as V 2 . The relative power of a frequency band was defined as the ratio of the absolute power of that frequency band to the total power of all frequency bands and expressed as a percentage. The median absolute power of each band and each band's power relative to the power of the total EEG signal were calculated. The relative power of the delta band had been previously found to be the most repeatable spectral measurement (coefficient of repeatability ϭ 8%) (9) . It was therefore decided a priori to use the relative power of delta EEG band only for the analysis.
Cerebral fractional oxygen extraction (CFOE). Measurements were made during an EEG recording. The Hamamatsu NIRO 500 and a pulse oximeter in beat to beat mode (Datex-Ohmeda) were used with partial jugular venous occlusion to measure cerebral venous oxygen saturation (CSvO 2 ) (5,12). CSvO 2 was calculated as the mean of five partial jugular venous occlusions over a 5-10 min period (12) . Cerebral arterial oxygen saturation (CSaO 2 ) was assumed to be equal to peripheral arterial oxygen saturation. CFOE was calculated using the formula: CFOE ϭ CSaO 2 Ϫ CSvO 2 /CSaO 2 (9, 19) . The mean Ϯ SD of CFOE in clinically stable infants between 27 and 31 wk gestation is 0.29 Ϯ 0.06 (5) .
Peripheral blood flow (PBF). PBF was measured using a method that has been described elsewhere in detail (13) . Measurements were made during an EEG recording. The Hamamatsu NIRO 500 and a pulse oximeter in beat-tobeat mode (Datex-Ohmeda) were used to measure total tissue hemoglobin concentration (⌬HbT) in the forearm. Hemoglobin flow was then calculated by the slope of a line through the ⌬HbT values during the first two seconds of occlusion using a least squares method (13) . PBF (mL/100 mL/min) was calculated by dividing hemoglobin flow by venous hemoglobin concentration. The normal range (minimum-maximum) of PBF in infants between 28 and 32 wk gestation is 6.1-13.4 mL/100 mL/min (13) .
Echocardiography. Cardiac output was measured using echocardiography. The Sonotron (Vingmed CFM 725) echocardiography machine was used. The images obtained during the examination were stored in an integrated digital archiving system (Echopac, version 5.3; GE Ultrasound) and analyzed using the manufacturer's software. The technique used to determine left and right ventricular output (RVO) has been described in detail elsewhere (14) . Ventricular output of 150 mL/kg/min was taken as the lower limit of normal (15) .
Presence of patent foramen ovale and ductus arteriosus was noted at the time of measurement.
To determine the LVO, the left ventricular outflow tract was imaged from the suprasternal view. The pulse Doppler range gate was placed distal to the aortic valve and aligned along the long axis of the aorta. The flow velocity time signal was recorded and the velocity time integral was averaged from five pulsed Doppler complexes with laminar flow. The heart rate was measured from peak to peak intervals of the Doppler velocity time signals. The internal diameter of the ascending aorta was measured at the end of systole using M-mode from a parasternal long axis view. Measurements from five cardiac cycles were averaged. The incorporated Echopac software package was used to calculate the LVO (in mL/kg/min) using the formula: LVO ϭ [Velocity time integral ϫ (3.1416 ϫ [outflow diameter 2 /4]) ϫ heart rate]/ body weight.
The same approach was used to determine the RVO. Two-dimensional (2-D) imaging was used to determine the diameter of the pulmonary artery as measured between the hinge points of the pulmonary valve seen from the parasternal long axis view by tilting the probe away from the left shoulder. Pulsed-wave Doppler was used in the same position to determine the pulmonary artery flow velocity integral.
Clinical data. Blood pressure was monitored using a Nova-dome pressure transducer (Micromed Ltd, UK) attached to an indwelling arterial catheter. MBP measurements were recorded every four minutes during the EEG recording. The mean of these measurements during the EEG recording was used for analysis. Arterial blood gas measurement from the indwelling arterial line was performed midway through the EEG recording. Clinical Risk Index for Babies (CRIB) score was calculated (16) .
Clinical management. The attending physician, who was not a member of the research group, determined the management of hypotension. It was the policy of the neonatal unit at this hospital to keep the MBP above the 10 th percentile for the infant's birth weight (17) . This was achieved by volume expansion using blood transfusion or normal saline and/or inotropes such as dopamine, dobutamine or hydrocortisone either singly or in combination. Also in accordance with the policy of the neonatal unit at this hospital, all infants with birth weight less than 1250 g were treated with indomethacin for three days after delivery (18) .
Follow-up measurements. Cranial ultrasound scans were performed on all infants on each day for the first four days after birth and repeated at regular fortnightly intervals before discharge.
Statistical analysis. The data from each of the four days were analyzed separately. Since the purpose of this study was to investigate the cerebrovascular effects of low ventricular output, the EEG and CFOE measurements made at the lowest ventricular output during the first four days after birth were chosen for analysis. The relationships with left and right ventricular output measurements were analyzed separately.
The relationships between the ventricular outputs and CFOE, peripheral blood flow and EEG were considered separately using Pearson's correlation.
Step-wise linear regression was performed. The relative power of delta frequency band, 90 th percentile of interburst interval and CFOE were used as the outcome variables and arterial carbon dioxide tension (PaCO 2 ), left and right ventricular outputs, mean blood pressure and gestational age were entered as predictor variables.
RESULTS
The demographic details of the 40 infants are described in Table 1 . The data from each of the four days are shown in Table 2 . There was a progressive rise in LVO, RVO and MBP over the first four days after birth. The PaCO 2 was unchanged, but there was an increase in the relative power of the delta band in the EEG between days one and four and the interburst 
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VENTRICULAR OUTPUT, CFOE, PBF, AND EEG interval became shorter. CFOE decreased between days one and two and PBF increased. All infants had patent foramina ovale at the time of recording. Twelve infants had patent ductus arteriosus. In ten of these infants, ductal diameters were less than 1.5 mm. The conditions of infants at the time of recording the lowest left and right ventricular outputs during the first four days after birth are shown in Table 3 . The median PaCO 2 in 10 infants with low LVO was 41 mm Hg (range 26 -57). The median PaCO 2 in 8 infants who had a low RVO was 39 mm Hg (range 32-57). Only four infants were reported to have an abnormal EEG by qualitative methods.
The relationships between MBP, right and left ventricular outputs and the EEG signal are shown in Figs. 1 and 2 . The four qualitatively abnormal EEG signals were seen at low levels of MBP, but not cardiac output. These EEGs were low amplitude traces with prolonged interburst interval. Case A (Figs. 1 and 2 ) with a MBP of 16-mm Hg had significant patent ductus arteriosus (diameter Ͼ3 mm). This infant was given dopamine, dobutamine and hydrocortisone because of hypotension.
There was no relationship between cardiac output from either left or right ventricle and quantitative EEG measurements or CFOE or peripheral blood flow (Tables 4 and 5 ). There was a similar lack of relationship between cardiac output and CFOE in infants who were treated and those who were not treated with inotropes.
The results obtained using Pearson's correlations were confirmed by step-wise multiple linear regression. Ventricular outputs and gestational age did not influence the relationships.
Case A is an outlier in both Figs. 1 and 2 . The results did not change significantly after the exclusion of this patient.
None of the 40 infants developed persistent echogenicity or cystic periventricular leukomalacia on the cranial ultrasound scans.
Four infants had abnormal EEGs. One of these had gross ventricular dilatation on later cranial ultrasound scans. The other three infants with abnormal EEG records had normal follow-up cranial ultrasound scans.
Of the 36 infants with normal EEG, 33 had cranial ultrasound scans, which remained normal or showed resolving sub-ependymal or intraventricular hemorrhages. Two other infants developed mild ventricular dilatation following intraventricular hemorrhages. The rate of increase in head circumference measurements was along the percentiles for the normal population for all except one infant, who developed hydrocephalus requiring shunt surgery.
DISCUSSION
This study found no relationship between cardiac output and cerebral electrical activity, peripheral blood flow or cerebral fractional oxygen extraction during the days after birth. As reported by others, there was a progressive increase in All results are in median (range). PaO 2 , arterial oxygen tension. LVO and RVO and, blood pressure after birth (3, 17) . The CFOE decreased, presumably as cerebral perfusion improved. There was also a significant relationship between PaCO 2 and MBP and the EEG signal. The EEG pattern of infants between 26 and 30 wk gestation has been characterized (19) . It is markedly discontinuous and consists of long periods of electrical quiescence ("interburst intervals") which are interspersed with bursts of high voltage mixed frequency activity (19) . With increasing gestation, the interburst intervals become shorter and the record becomes more continuous (20, 21) . Abnormal background EEG activity characterized by prolonged interburst intervals has been linked to adverse neurologic outcome (22, 23) . The negative correlation between PaCO 2 and the relative power of the delta band suggested slowing of the EEG with hypocarbia (24) . Suppression or prolonged discontinuity of the EEG occurred at MBP levels below 23 mm Hg (25) . The EEG abnormalities in relation to PaCO 2 and MBP observed during this study have been described in detail elsewhere (24, 25) . The remainder of this discussion concentrates on the lack of any demonstrable relationship between cardiac output, CFOE and EEG and PBF.
During the newborn period, systemic perfusion is not entirely determined by cardiac output because of the presence of shunts (26) . Thus, the LVO is the sum of systemic blood flow and any left to right shunt through the patent ductus arteriosus or at atrial level (26) . Similarly, the RVO is the sum of systemic venous return and any left to right shunts (26) . This absence of an association between systemic blood flow and left and right ventricular outputs is a possible explanation for the apparent lack of any relationship between cardiac output and the EEG, used here as a marker of cerebral perfusion. It is also a reason for suggesting that superior vena caval flow, which is less influenced by shunts, may be a better reflection of cerebral perfusion (27) .
It has been suggested that blood pressure may not fall until the natural compensatory mechanisms finally fail, and that a serious decline in cardiac output and tissue oxygen delivery may therefore be detected earlier by measuring cardiac output (14) . This did not seem to be the case in this study where all infants with low cardiac output (Ͻ150 mL/kg/min) and MBP Ͼ 30 mm Hg also had a normal EEG. One baby with a very low LVO (58 mL/kg/min) and MBP of 28 mm Hg also maintained normal cerebral electrical activity and normal CFOE. These observations suggest that cerebral electrical activity (and therefore cerebral oxygen delivery) may be maintained within normal limits in infants with low cardiac output and normal blood pressure.
The absence of a relationship between the ventricular outputs and the EEG noted in the present study is consistent with the findings of others. In a randomized control trial of 36 preterm infants, dopamine and volume expansion increased LVO but had no effect on global cerebral blood flow (28) . When eight preterm infants with respiratory distress syndrome were treated by high frequency ventilation, low LVO was not associated with decreased anterior cerebral artery blood flow (29) . However another study reported a relationship between LVO and mean anterior cerebral artery blood flow velocity (30) .
Contrary to our expectations, there was no relationship between the ventricular outputs and CFOE. In a previous study, we reported a weak but significant correlation between LVO and CFOE (r ϭ Ϫ0.44, p ϭ 0.02) on the first day after birth in 30 infants between 24 and 28 wk gestation (4). However, this correlation and increase in CFOE was due to a considerable degree to the inclusion of seven infants who were hypocarbic at the same time as having a low LVO. Furthermore, in that study, 11 infants with low LVO and normal PaCO 2 did not have high levels of CFOE. In this present study, only one of the infants with low ventricular output was hypocarbic.
In conclusion, left and right ventricular outputs did not appear to be important determinants of cerebral electrical activity or CFOE in the ranges studied. Low ventricular output in the presence of normal MBP was associated with normal cerebral electrical activity and CFOE, suggesting uncompromised cerebral oxygen delivery. There are two possible inferences to be drawn from these observations. The first relates to the control of the cerebral vasculature in these very immature individuals. It appears that even when cardiac output is low and systemic blood pressure is normal, cerebral and peripheral perfusion is maintained. This may be because the cerebral microcirculation even of these very immature infants is vasoactive and vasodilatation may occur to preserve cerebral perfusion (31) . The second is of considerable importance to clinicians. The possible side effects and complications of interventions aimed at increasing cardiac output and cerebral oxygen delivery in the presence of moderate hypotension may be inappropriate. 
